We present a relativistic density functional study on some plutonium compounds with thenoyltrifluoroacetone and similar ligands which can be used in the extraction of plutonium. The method of effective core potentials is used on plutonium. The binding energies of the complexes of plutonium in the formal oxidation states II, IV and VI have been determined and the geometries of some of the complexes have been fully optimized. The stability of the compounds in the different oxidation states and the effect of varying the side groups in the ligands are discussed. Comparisons with analogous uranium compounds are presented. q
Introduction
Extensive use is made of ligand extraction in the reprocessing of nuclear fuel. Although there has been much experimental work in refining the process, our theoretical understanding of the chemistry of the actinide extraction is still limited. It is also the case that much of the chemistry developed for this process has not changed much for the last forty years. A more detailed theoretical understanding would be also useful in gaining a knowledge of the interactions of the actinides with the various constituents of cells and tissues. This is important for the understanding of the mechanisms which control their specific tissues deposition pattern, the initiation of toxic effects and for the development of methods for treating people who may become contaminated with actinides. It may then be possible to select a specific ligand appropriate for their complete removal. The reactions of the actinides with various components of mammalian blood, cells and tissues has been the w x subject of a number of publications 1-3 . Because it is the most abundant actinide produced in the fission nuclear fuel cycle, and because it is now present in minute quantities in our normal environment, the chemistry of plutonium has been more widely studied than that of any other actinide. Chelation therapy for the removal of plutonium following contamination w x has been the subject of a number of reviews 2-5 . Several compounds have been proposed as chelating agents. Potentiometric pH titrations and ion-exchange and spectrophotometric studies show that stable 1:1 metal Ž . Ž . Ž . Ž . chelates are formed with Pu III , Pu IV , Pu VI and Pu VI O . 2 Many organic reagents in aqueous solution form chelates which are often extractable into organic solvents, such as benzene and chloroform. They contain an acidic hydrogen and a donor group, forming a bidentate Ž . chelate with a metal ion. The acidic hydrogen is usually from an OH or SH group. Structural factors affect the acidity of the OH group, the basic strength of the donor atom and the effectiveness of the extractant through ring size. In general, a more basic chelating agent will form a more stable metal chelate. However, a balance needs to be achieved as a more acidic chelating agent will be of greater use in extracting from acidic aqueous solutions. This is often required to prevent hydrolysis of the metal ions. Adjustment of the initial aqueous solution may even be used to make the chelatermetal ion reaction elective or even specific. One of the first steps in uranium and plutonium removal from spent nuclear fuel is to dissolve the fuel in nitric acid. Hence it is necessary to use an extracting ligand which is acidic. w x 1,3-diketones are often used for the extraction and purification of actinides 1,6 . In the enol form they have a hydrogen replaceable by a metal and a ketonic donor. The nature of the alkyl or aryl side groups affects the Ž . acidity of the hydrogen. In the case of Pu, a possible chelating species is 4,4,4-trifluoro-1-2-thienyl -1,3-Ž . butanedione, or thenoyltrifluoroacetone TTA . TTA can be obtained in a pure state and has a high acidity, which is useful in extraction at low pH. In aqueous solution it forms a keto hydrate which has a low distribution ratio into chloroform and benzene. The chelation reaction involved is given by the following equation:
The magnitude of the equilibrium constant for this reaction is a measure both of the stability of the metal Ž . Ž . chelate and also of its formation at a given aqueous pH. In the case of Pu, the chelation of Pu III , Pu IV and Ž . Pu VI involves three, four and two molecules of TTA, respectively. From a study on the equilibrium constants w x 6 , it turns out that the extractability of these species is determined by the series
This is in line with the observation that a common ratio of the coordination number to the metal charge is w x two 7 . It has also been observed that the extractability increases with increasing charge on the ion and, for the lanthanides and actinides, with increasing atomic number, although not uniformly.
Little information about the molecular structure and electronic properties of these complexes is available in w x the literature. A few experimental papers however address similar problems 8-12 . These references contain some information on the stability of the complexes and typical actinide-oxygen bond lengths, that we here will w x Ž . use to compare with our results. Ref. 8 In this paper we present the first ab initio study on Pu complexes with TTA and some model ligands related Ž . Ž . Ž . Ž . to TTA Figs. 1 and 2 . Our aim is to compare the known trend in extractability of Pu IV , Pu VI and U VI with the calculated stability of their complexes with TTA. We also decided to look at the influence of the ligand structure on the stability. This was done with the simplest complexes of Pu and U in the formal oxidation state II. Our interest here was simply in the magnitude of the effect we might expect by varying the side groups compared with varying the actinide oxidation state. The calculations on the corresponding uranium complexes are intended to examine the trend in the variation of the stability of the complex with changes in the actinide element.
Ž . Ž . Some emphasis is placed on the Pu II and U II oxidation states although these are not observed in reality. We regard the complexes formed by these oxidation states as our simplest model systems with which to examine the magnitude of changes in the binding energy due to variations in the ligand structure and functional. Given the fact that all of our calculated complexes are simply approximate descriptions of the real world . systems e.g., due to lack of solvent effects we feel that this is reasonable. Similarly, we fully optimize the Ž Ž . Ž . . structures of only a few selected complexes, Pu L1 and PuO L1 and regard these geometries as typical of 2 2 2 all of our complexes. The treatment of complexes containing heavy atoms like U or Pu implies the inclusion of relativistic effects w x 13,14 . Moreover, here one has to be able to assess the suitability of chelation agents for the solvent extraction process, which implies the calculation of the energies of complexes formed between organic ligands and the various cations, like the uranyl or plutonyl ions.
Until recently the computational cost of quantum chemistry and the consequent limitations on the sizes of systems that could be treated has resulted in little industrial interest in the application of these techniques.
Ž . Recently, however, the improvement in computer technology and the advent of density functional theory DFT have led to the re-evaluation of the benefits of quantum chemistry to industry.
In Section 2 the theoretical method and the computational details are described. In Section 3 a discussion of the results is presented. Finally, in Section 4 some conclusions are presented.
Theoretical approach and computational details
The calculations have been performed by using the newly developed MAGIC quantum chemistry code, directed at providing a means of performing chemically accurate calculations on systems containing many w x atoms, some of which are heavy. The MAGIC code is described elsewhere 15-20 , but, in its essentials, it is a code based on the use of GAUSSIAN basis sets that allows DFT calculations within the Kohn-Sham paradigm.
Ž . w x In most of the calculations the local density approximation exchange LDAX functional 21 was used.
Ž . Some comparative calculations were done with LDAX plus the Vosko, Wilk and Nusair VWN correlation w x functional 22 , commonly called LDA, and some with the generalized gradient approach functional, BLYP w x 23,24 .
w x For the radial quadrature we followed the scheme by Mura and Knowles 25 , and for the angular quadrature w x w x the scheme by Lebedev 26 . The Coulomb integrals were evaluated by Rys quadrature 27 , and an auxiliary w x w x basis set was used, according to the methods of Dunlap 28 and Eichkorn et al. 29 . The relativistic effects are Ž . treated through an implementation of the relativistic effective core potentials RECP of Hay and co-workers w x 30,31 . w x The RECP employed on the U and Pu atoms are those reported by Hay and Martin 32 . The valence basis Ž . set used to represent the 6s, 7s, 6p, 7p 6d and 5f orbitals was a 10s8p2d4f primitive set contracted to w x Ž . w x 3s3p2d2f for U and a 12s10p2d4f primitive contracted to a 3s3p2d2f for Pu, as reported in Hay and w x w x Martin's paper 32 . The all-electron basis used for the light atoms was the Dunning DZ 33 . For some of the complexes we repeated the calculations by using a DZP basis on the ligand atoms bound to the heavy element to investigate the effect of polarization functions. The auxiliary basis set for the light atoms were those optimized w x w x by Eichkorn et al. 29 for a split valence plus polarization 34 basis. For U and Pu, since a specific auxiliary w x basis set does not exist, we used the rubidium auxiliary basis, reported in Ref. 29 . A basis set superposition Ž . w x error BSSE 35 investigation was carried out for most of the complexes. The initial geometry of the w x 2 complexes was optimized by using the force field by Rappe et al. 36 within the package CERIUS . Subsequent full optimizations were made of some Pu complexes using MAGIC. Ž . Ž . As already mentioned in Section 1, we initially studied the Pu II and U II complexes, although not observed in reality, because these are the simplest model systems, with which we can examine the ligand side Ž . group effect on the stability of the whole complexes. We thus considered the complex Pu TTA containing two 2 Ž . TTA molecules, corresponding to Pu in its valence II . We then collapsed TTA to some smaller model ligands, Ž . which we indicate as L1, L2, L3 and L4, and the corresponding Pu complexes were formed see Fig. 2 . The Ž . optimized using DFT. We did not optimize the geometry of the remaining Pu II compounds because: 1 the Ž . Ž . binding energy of the fully optimized Pu L1 differs from the initial one only by 3% and 2 the side group 2 effect on the stability should not be strongly dependent on small variations in the geometry parameters. Ž . w x We then investigated Pu IV , which may form stable complexes 3 . The coordination number is generally Ž . eight in Pu IV complexes. A qualitative assessment of the idealized geometry of an eight-coordinate Pu complex is often described in terms of cubic distortion which closely resemble a dodecahedron, square w x Ž . anti-prism or bicapped trigonal prism 3 . We chose to look at a square anti-prismatic complex of Pu IV , Ž . Ž . Pu L2 see Fig. 3 . has been investigated also at LDA and BLYP level. In this preliminary study, all the calculations on the complexes were performed for the closed-shell singlet state. As already mentioned, the main aim of this paper is the investigation of trends in energetics, and in this respect, the closed-shell state can be considered a representative model for the real system. The open-shell systems will be further studied in future work. As charges and amount of d and f character of the plutonium atom.
Results and discussion
Ž . Ž . Ž . In Table 1 we report the energy of Pu II , Pu IV and U II for different multiplicities, represented by different S values. is the lowest energy. In the calculation of the dissociation energy of the complexes we thus considered Pu II as Ž . Ž . Ž . Ž . a septet and Pu IV and U II as quintets. As regards Pu VI and U VI , in plutonyl and uranyl, respectively, we investigated several spin states and it turned out that PuO 2q is a triplet while UO 2q a singlet. 2 2 Ž . In Table 2 the binding energies of the complexes are reported. It is seen that, among the Pu II compounds, Ž . the most stable is Pu L1 , with no side groups. The introduction of the side group destabilizes the complexes in 2 Ž .
Ž . general, even though the complexes with the electron-donating side groups, Pu L3 and Pu L4 , appear to be 2 2 Ž . Ž . more stable than the one with the electron-withdrawing side group, Pu L2 . Pu TTA which has both 2 2 Ž . electron-donating and electron-withdrawing groups has a stability similar to Pu L2 , which might indicate that 2 the CF side group has a stronger effect, in the opposite direction, than the S-cycle or NH groups. We repeated 3 2 Ž . the calculations for Pu L1 , by using a DZP basis on the oxygen atoms bound to the Pu, in order to investigate 2 the effect of polarization functions. The dissociation energy varied by 2%. The BSSE correction was introduced Ž . Ž . in the determination of the energy of Pu II complexes by computing the energy of Pu II and of the ligand in the presence of the basis set of the whole complex and it reduces the stability by at most 3%. Ž . The plutonyl complexes, corresponding to Pu VI , are calculated to be more stable than the corresponding Ž .
y y Ž . Pu II ones. The ordering of the stability of L1 and L2 complexes is reversed compared to the Pu II case.
Ž . Ž . The Pu IV complex is the most stable. In the square anti-prismatic Pu IV compound, the Pu is bound to eight Ž . Ž y1 . ionization states with L2 , one notices that the Pu-O bond in the Pu VI complex y105.08 kcal mol is Ž . Ž y1 . Ž . Ž y1 . ; 50% stronger than in the Pu II one y71.72 kcal mol , and in the Pu IV complex y165.51 kcal mol Ž . it is ; 60% stronger than in the Pu VI complex. Ž . Ž . Ž . Ž . Regarding uranium see Table 3 , we performed the calculations on U L2 , U TTA and UO L2 . One notices that the U compounds are more stable than the corresponding Pu compounds. The extra stabilization in Ž . Ž . going from Pu II to Pu VI complexes is also present in the U series. We explored the effect of different Ž . functionals in the U TTA calculations and recomputed the dissociation energy at LDA and BLYP level. The 2 LDA result demonstrates the well-known over binding characteristic of this functional.
Ž . Ž . We fully optimized the geometry of Pu L1 and PuO L1 without imposing any symmetry constraints. The two structures are rather flexible and the potential energy surfaces are very flat. It is not unlikely that we have not converged to global minima. However, considering the flatness of the surfaces, we believe that these optimizations give a preliminary idea of the shape of the molecules. More accurate calculations, including force constants and vibrational energies, will be presented in a forthcoming publication. Table 4 reports some relevant bond distances and angles and the dihedral angle formed by the four oxygen atoms, which indicates the one should expect considering the formal oxidation states of Pu in the three complexes.
Conclusions
The factors which determine the suitability of a ligand for the extraction of a particular actinide are many and varied. This study has used quantum chemistry to examine the properties of a range of plutonium complexes, ) with the view to find a connection between these and the previous factors. To simplify the problem, we chose a standard ligand, TTA, and varied its structure. We also examined the effect of changing the actinide element.
Ž . Ž . Varying the oxidation state of the plutonium atom, we find that Pu IV is more stable than Pu VI , which is Ž . Ž . Ž . in turn more stable than Pu II . This is in line with experimental observations of Pu IV and Pu VI . The effect of varying the ligand structure produces a much smaller change in the binding energy. Comparison with the corresponding uranium complexes shows analogous trends, although the uranium complexes are more stable.
We are aware of the fact that the systems investigated in the gas phase are model compounds and the inclusion of environmental effects, in particular the introduction of a solvent, is currently under investigation.
